The governorate of Irbid has the highest population density in Jordan and most of its water demand is supplied by groundwater. Both natural population growth and waves of migrations increased the number of its inhabitants during the last 40 years. This population growth has increased: the amount of land covered by urban and agricultural development over this time period; and the groundwater demand by 227% due to increasing of drinking water demand, urban water usage and for agricultural irrigation. As a result of the continuous pumping, groundwater levels have decreased by about 70 m and the salinity of pumped groundwater has increased by about 1000 µS/cm in some areas. A conceptual model to account for the observed changes in groundwater levels and salinity has been developed through an integrated approach of remote sensing and geographic information systems.
Introduction
The literature on water resources in Jordan has mostly focused on hydrological approaches and engineering solutions to water scarcity, with regional attention being given to the Jordan Valley and to the Amman governorate, where most of the population in the country lives (Haddadin 2006; Hussein 2016; Salameh et al. 2018) . Extensive literature covered the water crisis in Jordan, which makes it impossible to fairly review within a brief literature review. In particular, Jordan is said to be among the most water scarce countries in the world and facing serious problems related to water shortages, which have the potential to negatively affect the economic development of the country (Jasem and Raggad 2010; Mohammad et al. 2015; Hussein 2018a, b, c) . Recent research has shown that the Jordanian government has explored several options to increase the water supply in the country including: building the Wahda Dam (completed during the last decade); the construction of the recently completed Disi Canal; and supporting the construction of the Red Sea-Dead Sea Canal (Hussein 2017a (Hussein , b, c, 2019 .
Previous technical hydrogeological research on groundwater resources in Jordan has utilised geospatial techniques for assessing and improving water management in the region surrounding Jordan (Al-Bakri et al. 2016) . For example, Withheritrrong et al. (2011) analysed the effect of soil texture on the nitrate-nitrogen content in groundwater using optical remote sensing, although the investigations were not undertaken in Jordan. Similarly, Dogrul et al. (2016) utilised groundwater modeling to support the management of water resources in the region's complex climate, regulatory, and 1 3 40 Page 2 of 12 economic stresses. Mohammad et al. (2015) recently investigated the impact of droughts in the Yarmouk Basin in Jordan using geospatial techniques to measure meteorological and hydrological drought indices.
Nevertheless, what emerges from the review of the relevant literature is that little research has been done on the impacts of the evolving human activities, specifically of the effects of agricultural and urban development, on the groundwater resources in the governorate of Irbid. This paper makes a novel contribution by presenting a conceptual model to measuring the process of human urbanization and increased agricultural activities over time in the region using an integrated approach of remote sensing and a geographic information systems (GIS) analysis applied to the Irbid governorate.
Study area and background information
Jordan has an area of about 89,340 km 2 that is divided into 12 governorates, of which the Irbid governorate has an area of about 1572 km 2 ( Fig. 1) . As a result of geologically recent tectonic events and geomorphological processes, the topography of Irbid governorate has a high relief (Bender 1974; Odeh et al. 2017) (Fig. 2) , which greatly influences the distribution of rainfall in the region as shown in Fig. 3 (Salameh and Bannayan 1993; Moshrik et al. 2009 ). Although the Irbid governorate has the second largest population in Jordan after the capital city Amman, the governorate of Irbid has the highest population density in the country (Department of Statistics 2014).
Irbid governorate is located in the north-western part of Jordan (Fig. 1) . Two major rivers pass through the governorate: the Yarmouk River in the north and the Jordan River in the west. Nevertheless, most of the water used in the governorate is supplied by groundwater-pumping (Hussein 2018a, b; Mohammad et al. 2018; Salameh and Bannayan 1993) . This is because the discharges of the two mentioned rivers is limited (Al Yarmouk River 14.5 m³/s, Jordan River 16 m 3 /s) and because they are both of transboundary nature and hence Jordan needs to respect the bilateral treaties signed about the uses of these rivers (Hussein 2017a; Mohammad et al. 2018) . However, while the main aquifer in the study area is of transboundary nature, so far there is no bilateral treaty covering groundwater resources between Jordan and Syria as the existing treaty covers only surface water resources (Hussein 2017a) .
The groundwater of Irbid governorate comes mainly from a hydrogeological basin called Al Yarmouk. It is shared with Syria and has an area of about 1426 Km 2 (Bender 1974; Salameh and Bannayan 1993; Abu-Jaber et al. 1989 ).
Groundwater in the basin is mostly present in shallow unconfined aquifers in chalk and limestone of Tertiary age and in fractures and inter-flow features in basaltic rocks (Bender 1974; Salameh and Bannayan 1993) . Groundwater is also present in alluvial deposits in wadis, especially in the western part of the basin. The average hydraulic conductivity of aquifers in the basin varies from 1 × 10 − 4 to 1 × 10 − 6 m/s. The maximum groundwater levels occur in the southern part of the study area and reach up to 1000 mabsl, whereas the lowest groundwater levels are found in the eastern side of the study area and are as low as 239 m absl (Bender 1974; Salameh and Bannayan 1993) . Groundwater in the region mostly flows in a northerly direction, but moves in a westerly direction near the eastern margin of the basin. The average groundwater recharge is about 8-10% from the annual rainfall and the annual safe yield of the basin is estimated to be 40 million cubic meters (MCM) (Ministry of Water and Irrigation 2017). Irbid governorate has received several waves of immigration during recent history (Perdew 2014) (Fig. 4) . For instance, the first wave of Palestinians was in 1948 after the first Arab-Israeli war when Palestinian refugees came Population growth is the principal factor that drives the expansion of urban areas in many parts of the world (Butler and Davies 2000) , and this is also the case in Jordan. The increased number of inhabitants and the expansion of urban areas increase water demand to supply the drinking water for the population and for the provision of water for construction purposes respectively (Stephenson 2003) . However, it has been shown in recent literature that most water in Jordan is used by the agricultural sector rather than for domestic uses (Hussein 2016 (Hussein , 2018b .
Nevertheless, population growth and the expansion of urban areas in Irbid governorate impacted the groundwater level and its salinity. In fact, as shown in Table 1 , groundwater resources are currently over exploited and over pumped above their safe yield, although on paper there are regulations on groundwater withdrawal. This study aims to determine the relationship between groundwater abstraction and groundwater levels in the area.
Methodology
An integrated approach using remote sensing (RS) and the geographic information system (GIS) has been widely used to analyze, store, and display land surface data (Saraf et al. 2004; Odeh et al. 2015) . Although RS methods can produce the land cover data in form of satellite images, these images have to be classified to generate the land cover classes (Berndtsson and Larson 1987) . The images and their classifications can then be stored in form of a raster dataset, which can be accessed and analysed by GIS.
Landsat represents the world's longest continuously acquired collection of space-based moderate-resolution land remote sensing data. 4 decades of imagery provides a unique data resource for scientists in different fields. These data are in form of a raster dataset that is crucial to GIS analysis. It has capacity to provide repetitive and synoptic observations of the land surface that makes it powerful tool in giving information on how land cover changes over a span of time.
We used Landsat 5 images for the years of 1984, 1994 and 2004 while for 2014 Landsat 7 imagery was used. Any Landsat image has at least 7 spectral bands with a spatial resolution of 30 meters for Bands 1-5, and 7. For our classifications we used the visible bands that have a resolution of 30 m and is available for all the Landsat images that were used. All the Landsat images that were used in our study were downloaded from the main access portal on the US Geological Survey web site (https ://lands at.usgs.gov/lands at-data-acces s).
ENVI 6 is an image analysis software package that is widely used by GIS professionals, remote sensing scientists, and image analysts to extract meaningful information about land surface classes obtained from satellite imagery (Saraf et al. 2004; Odeh et al. 2015) . ENVI 6 software has many automated data analysis tools that enable spatial algorithms to rapidly, swiftly, and precisely analyze imagery, including: the determination of geostatistical parameters associated with the imagery; the measurement of area and distances associated with specific features in imagery; and for controlling the classification of features in imagery (Saraf et al. 2004) .
Consequently, we used ENVI 6 software as well in this study to carry out a supervised classification for Landsat images to understand the classes of the land uses within the study area. Although there are four major methods for undertaking a supervised classification in ENVI 6 software (i.e., the Maximum Likelihood, Minimum Distance, Mahalanobis Distance and Spectral Angle Mapper methods), the minimum distance method was found to give the best overall accuracy (Table 2) . Therefore, the latter was used in this study. Remote sensing investigations that have previously been carried out within the study area, such as those undertaken by Al-Kofahi et al. (2017) and Sawalhah, have also adopted this approach.
In this study we used Landsat data to classify land coverage in the study area into four classes, which have a major influence on the groundwater recharge as follows: (a) soil units; (b) rock units; (c) urban land; and (d) agricultural land. The supervised classification of the study area was carried out for the visible bands to generate these four land cover classes for the Landsat 7 data for the time periods of 1984, 1994, 2004, and 2014 . These time periods coincide with time intervals when hydrogeological data were available for comparison with the land coverage information (Fig. 5) . Than land coverage classifications were also validated with field visits for the Landsat image of 2014, Google Earth imagery for 2004 and 1994 and the 1984 Landsat images. The supervised classifications using the minimum distance method was found to have an overall accuracy greater than 70% for all the satellite imagery by Smith et al. (2002) . Thematic maps are one of the most common tools that could be used to understand the spatial distributions of specific phenomena (Chou 1997) . GIS is a useful tool to achieve that. ArcGIS 10.2 software with its spatial analyst extension is widely used currently for thematic map generating because of its useful interface (Odeh et al. 2017) . Therefore, we used it to generate a thematic map for the groundwater level during time periods of the available groundwater data obtained from the Ministry of Water and Irrigation (MWI) in Jordan for 1984, 1994, 2004 and 2014. This was undertaken by firstly converting the elevations and coordinates of wells and springs that were stored in an Excel spreadsheet file into vector-points (shapefile) using ArcGIS 10.2. The spatial analyst extension tool in ArcGIS 10.3 was used to interpolate groundwater levels into thematic maps using the Inverse Distance Weighted (IDW) where p > 0 is a power parameter. The IDW method has several advantages over many other interpolation methods in that it can accommodate large changes in elevation such as at cliffs and faults line in addition, and that it can increase or decrease the number of the sample points to influence cell values (Wang et al. 2017) . Therefore, we used it as a method to interpolate the thematic maps of the groundwater levels in this study. This assessment was undertaken using time-series water level data from 76 wells and springs (Fig. 6 ) from a database held by the Ministry of Water and Irrigation. However, because of data discontinuity/scarcity, not all the wells and springs have a full hydrogeological record (Wu et al. 2011 ) and consequently we chose four time periods for the interpolation of water levels. These time periods were selected to be close to periods when there were large
, increases in immigration to evaluate how increasing population affects the groundwater levels groundwater salinity in the study area. These time periods were 1984, 1994, 2004, and 2014 , the same time intervals of the classified Landsat 7 images. Figure 7 shows that land use in the Irbid governorate has shown significant changes at irregular intervals during the last 40 years. In particular, the area covered by urban development has expanded by 900% over this time interval as a result of the growing population (Department of Statistics 2014; Butler and Davies 2000) . In contrast, the land area used for agriculture decreased during the period 1984-1994, due to the migration of young people from agricultural regions to the main cities to take up jobs in the governmental sector, which was expanding in that period (US Department of Agriculture 1993; Department of Statistics 2014; Perdew 2014). However, in the following 20-year period , the agricultural area started to increase because of a decline in the availability of jobs in the public sector, which caused a movement of people back into agricultural jobs (Department of Statistics 2014; Perdew 2014) . In this period many businessmen were investing in land and agribusinesses in this part of the country, which caused an expansion in agricultural activities and job opportunities in the area (Hussein 2018b ). The land classified as having soil coverage in the study area is affected by the amount of land that is utilized for agriculture in the study area (Zube et al. 1982) . When the area of the agricultural land decreased during the period 1984-1994, the area of the soil increased (Zube et al. 1982; Bouraoui et al. 1999) . Moreover, in the following 30 years people started moving back towards agricultural jobs, and therefore, the agricultural land area increased (Moshrik et al. 2009; Department of Statistics 2014; Perdew 2014) .
Results and discussion
The land area classified as having rock coverage is affected by the extent of urban development in the study area as house basements have to be on rock layer so they do not crack during the winter as a result of soil liquefaction (Wang et al. 2017) The area covered by rock in the study area decreased until about the turn of the century since people prefer to construct the basement of houses (which is the major part of the urban area footprint) on rock to reduce the cost of construction by not digging the soil (Department of Statistics 2014; Bouraoui et al. 1999; Potter et al. 2009 ). However, in the last 10 years the area of rock coverage has increased by about 1% due to increased soil erosion in the study area (Odeh et al. 2017) . Figure 8 shows the spatial distribution of groundwater elevations in the study area and Fig. 9 shows how the position of the water table has changed as a result of the land cover changes during the last 40 years. Land use changes in the study area may affect groundwater levels of the arid and semi-arid regions in the Middle East, in the following two ways: (a) by reducing groundwater recharge and increasing runoff from paved areas with the expansion of urban areas. This applies only if the urbanization does not reduce the transpiration by reducing the vegetation cover and increase the discharge of storm water in soak wells (Appleyard 1995) and/or (b) by increasing the abstraction of groundwater to meet the high demands for irrigation and drinking purposes with increased agricultural production and increasing population, respectively (Jyrkama et al. 2005) . Both of these factors are likely to have influenced the spatial distribution of groundwater levels in the study area but the effects are not absolutely spatially homogeneous.
From 1984 to 1994, groundwater levels increased in the northern and northeastern parts of the study area as a result of the decrease in irrigation water use on agricultural land during that time period (Salameh and Bannayan 1993) . However, large declines in groundwater levels occurred during the same time-period in the southeastern part of the study area due to intense abstraction for potable water supply associated with increased urban development in those parts of the study area.
From 1994 to 2004, large declines in groundwater levels occurred in the northern and northwestern parts of the study area as a result of the expansion of agricultural and urbanized development. Limestone sinkholes started to be an obvious landscape phenomenon in that area as a result of the groundwater depletion (Horowitz 2001) . However, groundwater elevations were relatively unaffected in the southern part of the study area due to the high altitude of this area and the higher recharge associated with the higher annual rainfall in this area.
From 2004 to 2014 the groundwater depletion impacted the eastern and southeastern parts of the study area due to the expansion and intensification of urban development to accommodate the population increase caused by the latest wave of immigration (Department of Statistics 2014; Perdew 2014) (Fig. 10) . Hence, it is clear that groundwater depletion is associated with the land cover changes in the study area.
In general, there are problems in collecting hydrological and hydrogeological data on Jordan as historical data are not available for all times/years. Furthermore, some of the data available contradict other available data (Wu et al. 2011) . The available acceptable hydrogeological data from wells and springs received from the MWI were also examined and it was found that only two wells in the study area have groundwater level and salinity data for the full period of this study. This was necessary to enable groundwater levels to be compared with salinity changes as previous studies in Jordan have indicated that groundwater salinity increases with decreasing groundwater levels (Odeh et al. 2013) due to the fact that the dissolved salts content of groundwater at depth in aquifers is generally greater than at shallow depth. Figure 11 shows that the groundwater levels in the northern part of the study area decreased more rapidly than the groundwater level in the southern part of the area and that the salinity of the groundwater in the northern part of the area was increasing faster than in the south.
The zonation of the declining groundwater level has different spatial distribution than the one of the rainfall patterns, which indicates that the groundwater level declining is not related to the rainfall amount changes in term of spatial distribution. However, the zonation of the declining groundwater is located where there is urbanization and agricultural activities. Hence, the number of inhabitants increased the water demands, which in turn increased groundwaterpumping rate. As the annual groundwater-pumping rate is now much higher than the annual groundwater recharge rate, Fig. 9 Thematic map for groundwater level changes in Irbid governorate (as a results of the rapid inhabitant increasing in Irbid governorate Jordan pumped groundwater much more than the safe yield that lead to decrease the groundwater extremely. The zonation of the groundwater level decreasing is highly correlated with the spatial distributions of urbanization and agricultural activities) groundwater levels in the region have declined due to overpumping. Our model indicates that the over-pumping in the study increases groundwater salinity and the risk of land subsidence and sinkhole formation (Fig. 12) .
Conclusions
This study suggested that there is a positive correlation between groundwater depletion and the expansion of areas covered by urban and agricultural land use in Irbid governorate. Unsurprisingly, population growth is linked to the expansion of urban and agricultural development in the region. Drilling for the installation of water supply wells in the region needs to consider existing groundwater use and the distribution of rainfall in the region, which is greatest in areas with a high elevation. The area with the highest amount of rainfall is usually the area with the highest amount of groundwater recharge and these areas are more resilient to groundwater depletion. This study also found a positive correlation between the groundwater level and groundwater salinity, therefore, population growth, urbanization, and agricultural activities do not threat only groundwater quantity (when over-pumped, such as in the case of northern Jordan), but also groundwater quality.
In the case of limestone aquifers, sinkholes and land subsidence may occur in regions where groundwater depletion has taken place. There is some evidence that sinkhole development has increased in areas where there has been a large decline in the elevation of the water table. Sinkholes can have a direct negative impact in urban areas because of their ability to destroy houses, buildings, and roads. Thus, in addition to effects on groundwater quality, groundwater depletion may cause adverse impacts on urban infrastructure and on the safety of residents in affected areas.
Conceptual hydrogeological models are very important tools that support the sustainable management of groundwater resources. They describe the elements of the water conflicts and are a prerequisite for the development of numerical groundwater models. Our conceptual model for the water crisis in Irbid governorate indicates that groundwater is the major water resource in the region and its rate of abstraction is rapidly increasing to supply the increased number of inhabitants and their activities. However, our model confirms that the abstraction rate is currently much greater than the groundwater recharge rate, and that groundwater levels are decreasing in the area. We do recommend a numerical groundwater modeling for the study area to determine the optimized quantity of groundwater-pumping. Accordingly, an adequate groundwater licensing has to be ensured to achieve sustainable groundwater management. Groundwater resources shall not be used beyond their safe yield, and the competent authorities shall ensure this not only on paper, but also in practice by enforcing the existing legislations and by approving any new legislation needed to ensure the sustainable use of groundwater resources. Furthermore, researches and projects about implementation of groundwater use efficiency measures and usages of managed aquifer recharge have to be started to enhance the groundwater resources in Irbid governorate, and make sure they are used in a sustainable way.
